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ABSTRACT 

Strain  rate  sensitivity  effects  and  strain  hardening  characteristics 
at  room,  elevated,  and  subzero  temperatures  were  evaluated  for  a wide 
variety  of  both  tough  and  brittle  materials  including  4340,  52100,  and 
HF-1  steels,  6A1-4V  and  6Al-6V-2Sn  titanium  alloys  and  the  8Mo-l/2Ti 
uranium  alloy.  Mechanical  projierty  parameters  such  as  true  stress,  true 
strain,  true  fracture  stress,  ultimate  and  yield  strengths,  tension 
modulus,  and  reduction  of  area  are  examined  under  a temperature  environ- 
ment ranging  from  -116  C to  +260  C over  a strain  rate  spectrum  of  10"^ 
sec"^  to  5 X 10-  sec“^.  (Author) 
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IflTROOUCTION 


Although  the  actual  relationship  between  lacchanical  properties  of  materials 
and  rate  of  loading  becomes  quite  involved,  it  can  be  postulated  that,  in  general, 
mechanical  properties  arc  sensitive  to  strain  rate  effects.  However,  it  is  gener- 
ally acknowledged  that  the  raoveri'iont  of  Jis  l iciitions  accounts  for  the  strain  rate 
effects. ^ 


Hislocation  locking-  is  another  phenomenon  which  can  affect  mechanical  prop- 
erties and  is  subject  to  strain  rate  behavior.  It  is  believed  that  dislocations 
can  be  locked  by  segregate  atoms  and  that  plastic  flow  will  not  occur  until  mobile 
dislocations  are  formed.  Some  finite  period  of  time  is  required  before  sufficient 
dislocations  arc  formed  to  cause  observable  plastic  deformation.  The  tiire  delay 
associated  with  this  phenomenon  causes  an  increase  in  the  upper  yield  point  which 
is  logai ithmical ly  related  to  strain  rate. 

In  addition,  Moge  ' indicated  that  stress  corrosion  is  affected  by  strain  rate 
interactions  in  uranium  alloys.  The  stress  corrosion  effect  predominates  at  rela- 
tively slow  strain  rates,  i.e.,  up  to  approximately  1.0  sec"*,  whereas  at  faster 
loading  rates  there  is  insufficient  time  for  any  appreciable  corrosive  action. 

As  the  loading  time  is  decreased  Oiigher  strain  rates),  the  yielding  phenomenon 
is  delayed  and  ultimate  strength  increases. 

In  this  report,  the  effects  of  strain  rate  at  various  temperature  levels  on 
the  mechanical  properties  of  selected  brittle  and  tough  materials  are  studied. 
Strain  rate  sensitivity  evaluations  for  these  materials  are  determined  as  a func- 
tion of  the  maximum  range  of  strain  rates  investigated. 


EXPERIMENTAL  PROCEDURE 

Dj'namic  tension  tests  were  conducted*  using  a 10,000-pound  Universal  Tester 
(Plastechon  Model  591)  in  conjunction  with  bonded  resistance  foil-type  strain 
gage^  techniques  and  a dual-beam  oscilloscope.  A relatively  high  natural  fre- 
quency piecocle'. trie  transducer  (t>0  kHz)  for  load  readout  purposes  was  incorpo- 
rated in  this  commercial  machine  which  was  modified  slightly  with  the  installativ^n 
of  a triggering  device  to  record  the  transient  strain-time  and  load-time  oscil- 
lographic traces. 

In  operation,  hydraulic  power  is  supplied  to  the  servo-controlled,  electro- 
hydraulic  testing  machine  through  a 5000-psi  7.5-gpm  pump  driven  by  a 15-hp 
electric  motor.  A sketch  of  the  essential  components  is  shown  in  Figure  1.  The 
movable  ram  is  actuated  by  a dual-lead  continuous  film  potentiometer  with  a 
(j-inch  stroke. 


♦Ilie  icMing  phase  t»f  thK  study  was  carried  ou*  under  contract  at  Pliv Tech  hxjuipmen!  Company.  Natick.  Massachusetts. 
^^Micn^Mcasurcmcnts  Type  KPT^3*25<^•BC■-I  ^0. 

1.  IX>RN,  J.  r.,  MITCHKLL.  J..  mid  ilAl’SFR.  I . Oynumny  I \p.  Mechanics,  November  1965. 

2.  HAHN.  G.  T.  A Model  for  YieIJins  witlj  Special  Rcl*’rt  fue%  to  the  Yield  PoifU  Phenomena  nf  Iron  and  Related  SCC  Metals. 
Acta  Met.,  v.  |0,  1962. 

3.  HCKil  . K.  I . S/)mc  Mcchanicjl  Properties  oj  Cranium  • /r/''"  .Mo  Alloy  Under  lyynamic  Tenskm  Loads.  Lawrence  Radiation 
Laboratory,  Uvermore,  California,  UCRL  12357.  Kcv.  1.  I chruary  1965. 
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The  load  signal  is  generated  by  a quart:-type  strain-gage  force  transducer 
mounted  directly  behind  the  test  specimen,  two  axial  strain  gages,  mounted  on 
opposite  sides  of  the  reduced  section  of  the  specimen,  give  an  accurate  measure- 
ment of  the  initial  strain  and  permit  the  determination  of  elastic  modulus  and 
yielding  behavior. 

Just  as  the  ram  begins  to  accelerate,  it  contacts  a trigger  pin,  starting 
the  oscilloscope  sweep.  The  signals,  both  from  the  load  cell  and  from  the  test 
specimen  strain  gages,  arc  displayed  on  a dual-beam  oscilloscope  and  photographed. 
These  data  provide  a load-time  and  strain-time  record  of  the  event. 

True  stress  and  true  strain  were  calculated  from  the  portion  of  the  engineer- 
ing stress-strain  curves,  developed  from  the  load-time  and  strain-time  oscillo- 
graphic traces,  up  to  ultimate  load  and  from  the  specimen  measurements  after 
fracture.  The  stress  and  deformation  characteristics  of  the  various  test  materials 
were  determined  from  the  following  expressions: 


(1) 

true 

stress 

(psi)  ' • 

(1  ^ • ) 

(2) 

true 

strain 

= In  (1  * 

) 

(31 

true 

fracture  stress 

(psij  = 

Lp/Ap 

(41 

true 

strain 

at  fracture  = In 

(Ao/A 

where 

a = yield  or  ultimate  stress,  psi,  calculated  from  load-time  oscillographic 
records 

e = corresponding  strain,  in. /in.  from  strain-timi-  oscillographic  records 


= applied  load,  pouads,  at  fracture  frem  load-timo  oscillographic  records 
= Xaperian  logarithm  = log^, 

'‘o  ” original  cross-sect  iona.'  are;:,  sq  in.,  of  test  specimen  at  reduced  section 

= fractured  area,  sq  i:u,  of  test  specimen  at  reduced  section 

A correction  for  the  tria.tial  stiess  state  in  the  neck'*  region  of  the  test  spec- 
imen was  not  applied.  True  stress-strain  curves  are  plotted  assuming  a smooth 
interpolation  between  the  regions  of  ultimate  load  and  fracture.  The  nominal 
strain  rate  was  graphically  obtained  from  the  strain-time  relationships  imediately 
prior  to  the  ultimate  load  value. 


SPECIMEN  MATERIALS  AND  GEOMETRY 

All  strain-rate  behavioral  tests  were  conducted  with  cylindrical  0,15"- 
diameter  specimens  of  the  configuration  shown  in  Figure  2. 

The  materials  analyzed  wc'-c  52100,  and  IlF-1  alloy  steels,  6Al-6V-2Sn 

and  6A1-4V  titanium  alloys,  and  8Mo-l/2Ti  uranium  alloy.  The  titanium  alloy 
specimens  were  taken  from  forged  bars,  whereas  the  4340  and  52100  specimens  were 
machined  from  hot-rolled  bar  stock.  Ihc  HF-I  steel  specimens  were  extracted  from 
forged  shell  bodies  of  105-ram  size  while  the  uranium  specimens  were  removed  from 
a hollow,  backward  extruded  cylinder  which  was  sliced  into  120  degree  sections 
and  forged  flat  at  1200  F.  All  specimens,  with  the  exception  of  the  uranium  ones, 
were  taken  longitudinal  to  the  material  grain  flow. 


HEAT  TREATMENT  AND  MECHANICAL  PROPERTIES 

The  composition  and  mechanical  properties  for  each  material  arc  presented 
in  Tables  1 and  2 and  their  corresponding  heat  treatments  arc  shown  in  Table  5. 
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Figure  2.  Test  specimen 
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'Roooi  Tenpe'^ature  Results 

The  alloy  steels  selected  in  this  investigation  are  structural  alloys  used  by  the 
Amv  for  applications  involving  high  strain  rates. 

The  4340  steel  was  quenched  atid  tempered  to  provide  a tempered  martensitic 
structure  of  moderate  strength  and  high  toughness  tiT^ical  of  properly  heat-treated 
high-strength  structural  steel. 

One  heat  treatment  of  52100  steel  involved  an  austenitize,  followed  by  hold- 
ing in  the  two-phase  region  to  precipitate  out  grain  boundar>'  carbides  before 
quenching  (IQ5T  treatment).  The  S2100  steel,  which  is  an  air-hardening  steel, 
was  also  normalized  and  tempered  (Normal)  to  produce  an  alternate  microstructure 
and  associated  vie Id/tcnsi le  strength  ratio  without  the  carbide  ombritt Icmont . 

For  the  52100  steel,  tiic  yield  strengths  and  tensile  ductility  were  much 
lower  for  the  Norm^T  treatment  than  for  the  IQ5T  treatment.  The  yield  strength/ 
tensile  strength  ratio  was  much  lower,  and  tlic  reduction  of  area  was  quite  low. 
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The  steel  designated  tlF-1  was  developed  for  use  in  ammunition  by  Bethlehem 
Steel  Company.  In  view  of  its  possible  use  at  high  strain  rates,  this  relatively 
brittle  material  has  been  included  in  this  study.  This  high  carbon  steel  contains 
manganese  and  lo  silicon  to  provide  hardenability  and  a degree  of  embrittlement. 
The  t)'pes  of  heat  treatment  employed  also  influence  the  ductility  an»l  toughness. 

The  three  heat  treatments  selected  for  evaluation  in  this  study  of  HF-1  steel  arc: 
(1)  an  incompletely  austenitized  structure  followed  by  a quench  and  temper  to  pro- 
duce tempered  martensite  with  pearl ite  ghosts  and  grain  boundary  carbides;  (d)  a 
more  complete  austenitized  followed  by  a quench  and  temper  to  produce  tempered 
martensite;  T3J  an  isothermal ly  transformed  structure  to  produce  coarse  pcarlite. 

Typical  mi crostructurcs  in  HF-l  steel  obtained  after  these  treatments,  using 
an  electron  beam  microscope  examination  of  replicas  at  10,O0OX,  are  shown  in 
Figure  j.  The  structures  of  the  specimens  os  a result  of  treatments  1 and  2 con- 
tained considerable  amounts  of  undissolved  carbides  indicating  that  the  matrix 
had  not  been  transformed  to  a homogeneous  austenite  during  the  austenitizing 
opicrati  on. 

For  the  llF-1  steel,  the  tensile  strengths  after  the  three  heat  treatments 
were  similar.  These  treatments  were  designed  to  impart  a range  of  toughness 
levels.  Thus  the  yield  strength/tensi Ic  strength  ratio  was  lower  for  the  coarse 
pearlitc  and  incompletely  austenitized  quenched  and  tempered  structures  than  for 
the  tempered  martensite  structure.  I'he  ductility  and  toughness  were  also  reduced 
in  these  two  structures. 
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The  Bicchanical  properties  ohtaiiieJ  in  the  two  titanium  alloys  and  the  ura- 
niu«  alloy  are  typical  ot'  the  propt'rtics  of  these  materials. 


STR/^IN  RATE  BEHAVIOR 

There  was  not  a great  deal  of  appropriate  information  in  the  literature  to 
assess  the  results  of  these  strain  rate  behavioral  tests  with  other  methods  and 
other  investigators.  Consequently,  only  limited  con^arisons  were  possible. 

Materials  properties  parameters  such  as  yield  strength,  ultimate  tensile 
strength,  true  fracture  stress,  tension  modulus,  and  reduction  of  area  arc  exam- 
ined under  a tei^rature  environment  ranging  from  subzero  through  elevated  tem- 
perature (-116  C to  +260  Cl  over  a strain  rate  spectrum  of  I0~  ' scc“^  to  5.31  x 
10^  sec"^. 

The  strain  rate  sensitivity  of  the  various  brittle  and  tough  materials  was 
determined  by  correlating  the  cumulative  effects  in  mechanical  property  values 
with  strain  rate  variations.  In  addition,  the  strain  hardening  characteristics 
of  these  materials  were  evaluated  from  an  analysis  of  the  true  stress-true  strain 
behavior  at  a variety  of  temperature  and  strain  rate  conditions.  The  experimental 
test  data  as  well  as  the  true  stress-true  strain  results  are  summarized  in  tabular 
fora  in  the  Aj^endix. 

Figure  4a  shows  the  data  obtained  from  4340  steel  with  respect  to  yield 
strength,  ultimate  tensile  strength,  true  stress  at  fracture,  modulus  of  elasticity 
in  tension,  and  reduction  of  area  as  a function  of  strain  rate  at  room  temperature 
(23  C).  Four  decades  of  strain  rate  from  7,7  x i0“’  to  41.8  scc"^  are  covered. 

It  can  be  stated  that  the  true  fracture  stress  was  fairly  constant  over  the 
range  of  strain  rates  examined.  Both  the  ultimate  and  yield  strengths  as  well  as 
the  tension  modulus  increased  with  increasing  strain  rates,  whereas  the  reduction 
of  area  was  quite  constant. 

The  increase  in  ultimate  and  yield  strengths  appeared  to  be  fairly  uniform; 
in  coaqiarison,  a transition  point  at  approximately  1.0  see"'  was  noted  in  the 
behavior  of  the  tension  modulus  wherein  the  resultant  increase  progressed  from  a 
moderate  rise  at  strain  rates  below  1,0  scc“*  to  a rather  sharp  gain  above  this 
transition  point. 

The  results  for  52100  steel  are  shown  in  Figure  4b.  The  true  fracture  stress 
of  this  alloy  in  the  three  heat-treated  conditions  studied,  in  addition  to  the 
tension  modulus,  for  the  grain  boundar)'  embrittled  high  temper  (52100-2)  and  nor- 
malized (52100-3)  conditions,  behaved  monotonically  with  increased  strain  rate 
For  the  ultimate  strength  performance,  it  is  noted  that  there  is  a slight  decrease 
with  strain  rate.  However,  the  actual  changes  were  sufficiently  small  so  that  the 
net  change  is  not  considered  significant. 

The  yield  strength  of  the  high  temper  52100  steel  in  the  IQr,r  condition  showed 
a moderate  decrease  with  increasing  strain  rate;  however,  for  the  XermST  treatment, 
the  yield  strength  increased  moderately  with  strain  rate.  Tlie  reduction  of  area, 
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as  in  tti^  aase  of  4340  steel  j retBitineU  tairly  constant  for  botli  the  grain  bouFulary 
embrittled  (IQ5T)  and  nornialized  conditions  over  the  range  of  strain  rates  involved. 

The  relationship  of  true  fracture  stress,  ultimate  tensile  strength,  >ield 
strength,  tension  modulus,  and  reduction  of  area  versus  strain  rate  at  both  room 
temperature  C)  and  -116  C for  ilF'l  steel  in  tlie  three  heat-treated  conditions 
(Types  1,  2,  and  3)  are  presented  graphic.al ly  in  Figure  S.  The  range  of  strain 
rates  covered  in  these  tests  extended  from  10”^  sec"^  to  5.3  » 10^  sec"*. 

Tne  behavior  of  trua  fracture  stress  versus  strain  rate  at  both  room  temper- 
ature and  -116  C is  shown  in  Figure  5a.  At  room  temperature,  the  three  types  of 
HF-1  steel  investigated  show  an  increase  in  fracture  stress  with  increase  in 
strain  rate,  whereas  at  -116  C the  fracture  stress  remained  constant. 

The  same  phenomenon  was  demonstrated  for  the  ultimate  tensile  strength  as 
seen  in  Figure  5b.  At  room  temperature,  essentially  throe  parallel  slopes  were 
developed,  indicating  that  the  rate  of  increase  of  the  ultimate-  strength  with  in- 
creasing strain  rate  was  similar  for  all  three  types  of  liF-1  steel.  As  with  frac- 
ture stress,  the  ultimate  strength  varied  mcnotonically  with  strain  rate  at  -116  C. 

Figure  Sc  shows  that  the  yield  strengths  increased  with  increasing  strain 
rate  at  both  room  temperature  and  -116  C,  However,  the  rate  of  increase  for  the 
Type  2 material  was  not  as  pronounced  as  with  Types  1 and  3,  resulting  in  the 
fact  that  above  a strain  rate  of  approximately  4 x 10"^  see"*,  the  yield  strength 
levels  for  Type  1 exceeded  the  group  at  the  room  temperature  condition.  In  all 
cases  the  levels  at  -136  C were  superior  to  the  values  obtained  at  room  temper- 
ature. This  result  was  in  contradiction  to  that  determined  for  tlie  ultimate  and 
true  fracture  stress  levels  at  the  upper  regions  of  the  strain  rate  spectrum, 
wherein  the  values  at  rocm  temperature  in  all  cases  exceeded  those  obtained  at 
-116  C. 

The  degree  of  dependence  on  strain  rate  for  the  tension  modulus  values  is 
demonstrated  in  Figure  5d,  At  both  test  teiiq>eratures  the  three  types  exhibited 
an  increase  in  modulus  with  increasing  strain  rate.  With  the  exception  of  Type  3 
material,  the  rate  of  increase  was  much  more  pronounced  at  -116  C.  The  Type  2 
material  at  -116  C yielded  the  sharpest  increase  in  modulus  registering  a value 
of  29.5  X 10^  psi  at  the  upper  limit  of  the  strain  rate  range  (250  to  500  sec"*). 

Reduction  of  area,  a parameter  for  evaluating  ductility,  behaved  monoton- 

ically  with  strain  rate  at  room  temperature  for  ail  three  tv-pcs  of  lIF-l  steel 
(Figure  5e]  from  quasi-static  to  high-order  strain  rates  (530  sec"*).  At  -116  C, 

Types  2 and  3 were  relatively  unaffected  by  strain  rate,  whereas  T)-jic  1 showed  a 

marked  decrease  in  the  R.A.  value  from  10  sec"*  to  approximately  530  sec”'. 

The  results  of  tests  at  room  temperature  (25  C)  on  the  6Al-&\-2Sn  and  6Al-4f 
titanium  alloys  are  shown  in  Figure  6,  llie  true  fracture  stress  and  ultimate 
strength  for  both  alloys  in  the  solution-treated  and  aged  condition  increased 
slightly  with  strain  rate  up  to  approximately  2.4  sec"’.  Above  this  value  tlicrc 
was  a marked  increase  in  fracture  and  ultimate  strengths,  'llic  yield  strengths 
of  both  titani^jm  alloys  as  well  as  the  tensicn  modulus  for  the  ()Al-oV-2Sn  alloy 
increased  moderately  with  strain  rate,  whereas  the  6A1-4V  alloy  evidenced  a 
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r noderate  decline  in  the  modulus  value  over  the  strain  rate  spectrum  investigated. 

' The  reduction  of  area  for  the  6A1-4V  alloy  remained  constant  with  strain  rate, 

1 triiile  for  the  6Al-6V-2Sn  alloy  there  was  a negligible  increase.  Five  decades  of 

I strain  rate  from  4 * 10“^  to  1.4  * 10^  sec~*  were  covered  in  these  tests. 


The  results  on  the  titanium  alloys  are  consistent  with  previous  data  reported 
by  Austin  and  Steidel^  for  lower  strength  titanium  alloys.  These  authors  also 
observed  an  increase  in  fracture  strength  for  cold-rolled  mild  steel  which  coin- 
cided with  results  obtained  for  the  higher  strength,  lower  ductility  HF-1  alloys 
but  contrasted  with  the  insignificant  change  observed  in  the  high-strength  type 
4340  and  52100  steels. 

True  fracture  stress,  ultimate  tensile  strength,  yield  strength,  tension  mod- 
ulus, and  reduction  of  area  are  plotted  as  a function  of  nominal  strain  rate  in 
Figure  7 for  the  8Mo-l/2Ti  uranium  alloy  at  test  temperatures  of  -73,  23,  149,  and 
260  C.  Tension  tests  were  conducted  at  strain  rates  ranging  f"'ora  S.7  x io~^  to 
5.3  * 10^  sec"^. 

}.  AUSTIN.  A.  1_,  and  STKIDEL.  R.  I ..  Jr.  The  Tenaie  h-opertiei  oj  Same  T'nginecrint  Materials  at  Hitth  Rates  of  Strain. 

Proceedings  of  the  American  Society  for  Tesling  and  Matciiah.  v.  59.  IS5S. 
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As  shown  in  Figure  7r,  the  fracture  stress  increased  narkedly  with  increasing 
strain  rate  at  room  teinperacurc  and  -73  C,  At  the  elevated  tei^eratures  of  149  and 
260  C there  was  an  overall  slight  increase  in  the  stress  value  with  strain  rate. 

It  is  clearly  indicated  in  Figures  7b  and  7c  that  both  ultimate  tensile 
strength  and  yield  strength  levels  of  the  uranium  alloy  were  greatly  increased 
with  increasing  strain  rate  from  subzero  through  the  elevated  ten|>eratures  tested. 
These  mechanical  property  results  are  in  excellent  agreement  with  data  reported  by 
other  investigators.  lannelli  et  al.^  and  Andersen^  reported  an  increase  of 
approximately  27%  in  the  ultimate  strength  of  U-8Mo-l/2Ti  at  room  temperature  as 
the  strain  rate  progressed  from  3 x 10~^  sec"^  to  10  set"'.  The  data  presented 
in  Figure  7b  corroborate  this  rate  of  increase  within  1%  at  the  low  orders  of 
strain  rate. 

The  influence  of  strain  rate  on  the  tension  modulus  is  depicted  in  Figure  7d. 
At  all  test  temperatures  from  -73  C to  260  C the  modulus  increased  3»oderately  frtmi 
quasi-static  to  approximately  3.0  sec"',  the  rate  of  increase  being  relatively 
proportional;  for  the  higher  strain  rates  up  to  530  sec"'  the  modulus  increased 
markedly  at  temperatures  from  -73  C to  149  C,  whereas  at  260  C it  was  essentially 
neutral.  It  will  be  noted  that  from  3.0  see”'  to  530  sec”'  the  rate  of  increase 
of  the  modulus  became  more  pronounced  as  the  temperature  decreased  from  260  C to 
-73  C. 

At  the  subzero  temperature  of  -73  C,  where  the  largest  rate  increase  in  the 
tension  modulus  occurred,  an  increase  of  approximately  94%  was  obtained  as  the 
strain  rate  increased  from  1.5  x 10”^  sec"^  to  2.27  x 10^  sec"'.  This  dramatic 
rise  in  the  modulus  value,  from  12.0  x 10^  psi  to  23.3  * 10®  psi,  can  be  attrib- 
uted to  a substantial  change  in  the  stress-strain  behavior  of  the  material  with 
strain  rate.  Since  the  modulus  is  directly  proportional  to  the  elastic  stress 
and  inversely  proportional  to  the  strain  corresponding  to  this  stress,  an  appre- 
ciable change  in  these  parameters  will  reflect  a significant  difference  in  the 
modulus  level,  particularly  if  the  combined  changes  are  cumulative,  c.g. , an 
increase  in  the  stress  value  concurrent  with  a decrease  in  the  ctrain  value. 
Referring  to  Table  A-4  in  the  Appendix,  it  is  observed  that  the  yield  stress  for 
the  8Mo-l/2Ti  uranium  alloy  increased  from  167  ksi  to  206  ksi  while  the  corre- 
sponding strain  decreased  frcmi  0.0135  in. /in.  to  0.0087  in. /in.  These  results 
indicate  that  when  the  stress  increased  23%  the  corresponding  strain  decreased 
36%  with  the  net  combined  interaction  of  these  effects  contributing  to  an  increase 
of  approximately  93%  in  the  tension  modulus  value. 

Figure  7e  graphically  reveals  the  severe  loss  in  ductility  with  increasing 
strain  rate  as  the  temperature  decreased  from  260  C to  -73  C.  At  each  tempera- 
ture level,  with  the  exception  of  260  C where  an  incremental  increase  in  ductility 
was  noted,  the  loss  in  ductility  was  more  pronounced  at  the  high  orders  of  strain 
rate.  Figure  8 displays  both  the  brittle  and  ductile  type  fracture  modes  occur- 
ring at  test  temperatures  of  -73  C and  149  C. 


6.  lA.NNELU,  A.  A.,  and  RIZZITANO,  I-.  J.  IVolched  Ptoprrties  of  H^h-Strength  Alloyt  at  Varioui  Load  Hatft  and  Tempefaturet. 
Army  Matcruia  and  Mechanics  Research  Center  AMRA  TR  66-13,  July  1966  (AD647884). 

7.  ANDF.RSF.N,  A.  G.  H.  A Medium-Speed  Tendlr  Testing  Machine  and  Some  Dynamic  Data  Produced  Thereby.  Jouriul  of  Applied 
Polymer  Science,  v.  8,  1964,  p.  169-196. 
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Brmt  failure.  Ted  Temperature  *73  C Ductile  failure,  Test  Temperature  *im  C 

Figure  8.  Typical  load-time  ar>d  strain-time  oscillographic  records  of  U-8Mo-)«Ti  at  elevated  and 
subzero  temperatures,  (a)  load-time  and  sp-ain-time  phenomena, 

(b|  fractured  specimen,  arid  (c)  doseup  of  fractured  area. 

In  order  to  evaluate  the  relative  strain  rate  sensitivity  merits  of  each  mate- 
rial under  study,  the  cumulative  differentials  in  mechanical  property  values  at- 
tributed solely  to  strain  rate  variations  were  analyzed.  Since  every  material  was 
not  subjected  to  all  temperature  variations,  from  subzero  to  elevated,  aily  those 
temperatures  that  were  common  to  all  materials  tested  were  considered  as  a basis 
evaluation.  This  criteria  eliminated  all  teasperatures  except 
ambient  or  room  temperature  (23  C).  Hence  at  ambient  teuperature,  the  sensitivity 
dependence  of  each  material  was  determined  by  correlating  the  net  differentials 
occurring  in  each  of  the  five  mechanical  property  parameters,  i.e,,  true  fracture 
stress,  ultimate  strength,  yield  strength,  tension  modulus,  and  reduction  of  area. 
The  contributions  of  each  parameter  was  equally  weighted  in  arriving  at  the  cumu- 
lative influence  from  which  the  sensitivity  ratings  shown  in  Table  4 were  derived. 

Examination  of  Table  4 indicates  that  of  all  the  materials  tested,  U-8Mo- 
1/2-Ti  was  most  sensitive  to  st^-ain  rate  effects,  being  approximately  twice  as 
sensitive  as  the  next  ranking  material,  namely,  the  HF-1  steel  alloy  having  a 
tempered  martensitic  microstructure  with  grain  boundary  network  (Type  1).  It  is 
interesting  to  note  that  the  52100  steels  were  all  least  effected  by  strain  rate 
variations.  However,  there  was  insufficient  data  on  the  52100  steel  to  accurately 
assess  the  yield  strength  and  tension  modulus. 
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Since  the  uranium  alloy  was  subjectetl  to  subzero  as  well  as  elevated  tempera- 
^ ture  environments,  the  effect  of  temperature  on  the  strain  rate  sensitivity  of 

this  material  could  then  be  ascertained.  The  cumulative  sensitivity  influence  at 
each  temperature  was  determined  and  compared  with  the  room  temperature  (23  C) 
results  as  shown  in  Table  5.  It  will  he  noted  from  Table  S that,  in  general,  as 
the  test  temperature  decreased  the  effect  of  temperature  on  the  strain  rate  sen- 
sitivity decreased  with  a very  slight  change  (S.7%)  occurring  from  +149  C to  +23  C, 
As  the  temperature  increased  from  +23  C to  +260  C the  strain  rate  sensitivity  in- 
fluence of  this  uranium  alloy  increased  by  approximately  80%,  whereas  from  +23  C 
j to  -73  C there  was  a decrease  of  approximately  S0%  in  the  sensitivity  indicator. 

t Table  a.  STRAIN  RATE  EVALUATION  OF  VARIOUS  BRITTLE  AND  TOUGH  MATERIALS 

[ IS  DESCENDING  ORDER  OF  SENSITIVITT  UETERHIHEO  AT  A’lEIENT  TEW>ERATURE  {-23  C) 


Sensitivity  Dependence  of  Each 
Parameier  for  Maximum  Range  of 
Strain  Rate  Data  - 
Net  Differential  ( ) 

Test 

Material 

True 

Fract. 

Stress 

UU. 

Str. 

Yield 

Str. 

Tension 

Modulus 

Sensitivity  Indicator  Sensi- 
Cumulative  Sensitivity  tivity 
R.A.  Influence  ( j Rating 

u-a«o-i/?Ti 

37.7 

67.7 

71.9 

99.2 

70.6 

347.1  A 

HF-l  (Type  1) 

6.4 

22.4 

80.6 

2B.8 

37,7 

175.9  B 

Ti-6A1-6V-2Sn 

32.1 

26.1 

21.3 

8.6 

76.3 

164.4  C 

HF-l  (Type  3) 

21.3 

27.2 

58.6 

14.4 

16.2 

137.7  D 

HF-l  (Type  2) 

37.6 

24.3 

26.8 

16.0 

19.9 

124.6  £ 

43A0  (OiT) 

10.2 

16.9 

22.3 

25.3 

3.6 

78.3  F 

T>-6A1-4V 

24.3 

28.6 

7.0 

6.4 

5.6 

71,9  G 

52100-2  (IQST) 

7.3 

3.4 

18.4 

1.6 

14.5 

50.2  H 

52100-3  (NomST 

) 2.4 

3.9 

8.9 

C.3 

27.9 

43,4  I 

521L0-1  (IQ4T) 

0.5 

7.9 

- 

27.9 

36.3  * 

*Aot  rated  due 

to  unavailability  of  related  data 

Table  5,  EFFECT  OF  TEMPERATURE  ON 
OF  GAI«f«-STABlU2£0  U 

strain  rate 

aHo-1/2Ti 

SENSITIVI7'' 

Sensitivity  Influence  of  Each 
Parameter  for  ftavimun  Range  of 
Strain  Rate  Data  - 
•Net  Differential  ( ) 

Test  True 
Temp.  Fract. 
(Deg  C)  Stress 

ult. 

Str. 

Yield 

Str. 

Tension 
Modu 1 us 

R.A.  : 

C umu  1 a t i ve 
Sensi  ti  vi  ty 
Influence  ( ', 

Temp.  Effect  - Change 
in  Sensitivity  Influ- 
ence ( ) Relative  to 
) Ambient  Tenp.  (23  C) 

+ 23  37.7 

67.7 

71.9 

99.2 

70.6 

347.1 

- 

- 73  41,7 

44.1 

36.0 

94.2 

79.5 

295.5 

-51.6 

H49  14.5 

110.9 

120.5 

66.7 

40.2 

352.8 

* 5.7 

+260  19.2 

175.4 

196.9 

16.4 

17,5 

425.4 

+ 78.3 
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For  the  HH-i  steel  in  the  three  heat-treated  conditions  the  effect  of  the 
subzero  temperature  (-116  C)  on  the  strain  rate  sensitivity  characteristics  was 
investigated.  There  was  sufficient  d-ta  tc  effect  a cosq^arison  of  the  cumulative 
sensitivity  influence  at  -116  C with  that  c'»tained  at  +23  C for  Types  1 and  3 
only,  fxtiraination  of  Table  6 reveals  thu.  the  strain  rate  sensitivity  decreased 
for  Types  1 and  3 as  the  temperature  decreased  from  +23  C to  -116  C,  the  tempera- 
ture effect  being  greater  for  Type  3 by  a factor  of  approximately  1.9.  In  assess- 
ing the  overall  strain  rate  influence  a*  -116  C,  the  results  indicate  that  Type  3 
was  least  affected  by  strain  rate  variations,  : s sensitivity  being  significantly 
less  (62 o)  than  the  Type  1 alloy. 

From  an  analysis  of  the  test  data,  a methodology  was  evolved  to  crystallize 
the  extent  of  tenperature  effects,  at  constant  strain  rate,  on  the  mechanical 
property  results  of  both  the  gamma-stabiliz'-d  U-8Mo-l/2Ti  and  the  HF-  ) steel  in 
the  three  heat-treated  conditions.  To  implement  this  concept,  the  net  changes 
occurring  in  each  mechanical  property  parameter  relative  to  its  ambient  tempera- 
ture performance  was  initially  determined.  Bv  placing  equal  enphasis  on  each 
value  thus  obtained,  it  was  then  possible  to  correlate  the  resultant  cumulative 
differential  which  would  be  considered  indicative  of  the  comprehensive  influence 
of  the  tonperature  contribution.  Fach  entry  contained  in  the  cumulative  indica- 
tor resulted  from  the  behavior  at  the  two  strain  rates  formed  at  the  boundaries 
of  the  spectrum  evaluated. 

For  'he  gamma-stabilized  uranium  alloy  unde-^  qcasi-static  loading  conditions, 
it  will  be  noted  from  Table  7 that  the  tejnperature  influence  remained  fairly  con- 
stant as  the  temperature  either  increased  from  +23  C to  +149  C or  decreased  to 
-73  C but  a moderate  change  (38°)  was  realized  when  the  temperature  increased  to 
+260  C.  In  comparison  with  the  low-order  strain  rate  results,  the  temperature 
effects,  under  dynamic  loading  rr.tes,  were  much  more  pronounced  at  the  elevated 
test  conditions,  whereas  a relatively  modest  change  occurred  at  the  subzero 
temperature. 

in  the  case  of  the  HF-l  steel  at  low-order  strain  rates  the  temperature  in- 
fluence on  the  mechanical  property  results  of  T>*pe  3 material  was  approximately 
64'!i  greater  than  that  of  Type  I;  T)pc  2 was  excluded  from  this  analysis  due  to 
insufficient  data  points.  The  temperature  interaction  resulting  at  high-order 
strain  rate  conditi  "s,  even  though  the  levels  of  susceptibility  were  higher  than 
those  attained  at  low-order  strain  rates  (Table  8),  was  quite  comparable  for  all 
three  types  of  HF-1  steel;  a maximum  difference  of  only  175,  occurred  and  that  was 
between  Types  1 and  3.  At  high-ordcr  strain  rate  conditions  the  three  types  of 
HF-1  steel  can  be  ranked  in  the  following  descending  order  of  susceptibility  to 
the  subzero  temperature  change  from  +23  C to  -il6  C:  Types  1,  3,  and  2. 

For  the  HF-1  steel  alloy  having  the  tenpered  martensite  microstructure  with 
grain  boundary  network  (Type  1),  the  temperature  effects  at  high-order  strain 
rates  were  approximately  twice  (1.94)  that  occurring  at  low-order  strain  rates. 
However,  terapcratc'-e  effects  on  the  IIF-1  alloy  in  the  isothermally  transformed 
to  coarse  pcarlite  microstructurc  (Type  3)  were  relatively  independent  of  strain 
'■ate  wherein  a negligible  difference  of  5"„  was  obtained  at  the  extremities  of  the 
strain  rate  range  examinv:d. 
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rable  6.  EFFECT  OF  T£W>ERATURE  OH  STRAIff  RATE  SENSITIVITY 
OF  HF-1  STEEL  114  THREE  HEAT-TREATED  COHDITIONS 


Sensitivity  Influence  of  Each 
Parameter  for  HaKimun  Range  of 
Strain  Rate  Data  - 
Net  Differential  ( .) 


Material 

Test 
Temp. 
(Deg  C) 

True 

Tract. 

Stress 

on. 

Str. 

YieT  1 
Str, 

Ten^iort 

Modulus 

R.A. 

Cumulative 
Sensiti ^ity 

Influer  ( ) 

Terip.  Effect  - Change 
in  Sensitivity  Ii/lu- 
ence  ( ) Relative  to 
Ancient  Tenp.  (23  C) 

Type  1 

23 

6.4 

22.4 

ao.6 

28.8 

37.7 

175.. ■ 

- 

Type  1 

-116 

15.5 

28.4 

14.7 

7.8 

43.7 

110.1 

-37.4 

Type  2 

23 

37.6 

24.3 

26.8 

16.0 

19.9 

124.6 

- 

Type  2 

-116 

- 

1.0 

17.1 

16.7 

- 

• 

- 

Type  3 

23 

21.3 

27.2 

58.6 

14.4 

16.2 

137.7 

- 

Type  3 

-116 

0.9 

0.3 

23.9 

3.8 

13.2 

42.1 

-69.4 

*ttot  tabulated  due  to  insufficient  data 


Table  7.  EFFECT  OF  TEMPERATURE  ON  MECHANICAL  PROPERTY  RESULTS  OF  GAlt4A-STABILIZED 
U-MO-1/2T1  UNDER  OUASI-STATIC  AND  DYNAMIC  LOADING  CONDITIOfiS 


Net  Change  (*)  in  Each  Parameter  Relative 
to  Ambient  Temp.  (23  C)  at  Strain  Rates 
R^*  and  Rjj*  (Sec->) 

Test 

Temp. 

1 -ue 
Fract. 
Stress 

Ult. 

Str. 

Yield 

Str. 

Tension 

Modulus 

R. 

A. 

Cianulative 
Tei!®.  Effect 
Differential 

Conpenison  of 
Tenp,  Effects  at 
High-  and  Lw-Order 
Strain  Rates 

(Deg  C) 

«a  «b 

«a  «b 

"a 

<>a 

«a 

TO 

- 73 

9.1  12.3 

30,8  12.4 

19.3  1.9 

1.6 

4.1 

37.1 

56.1 

102.6  86.8 

0.86 

+ 149 

10.4  25.5 

29.2  11.0 

27.3  6,7 

4.1 

19.8 

28.0 

160.2 

99.0  223.2 

2.25 

♦260 

32.5  41,5 

46.9  12.8 

47.1  6.7 

4.9 

38.7 

10.5 

341.5 

141.9  443.2 

3.12 

•0.006  < Ra  ' 0.015 
t2.27  « 10^5  «b  ^ 5.31  ■ 10^ 

Table  8.  EFFECT  OF  SUBZERO  TEMPERATURE  (-116  C)  ON  MECHANICAL  PROPERTY  RESULTS  OF 
HF-1  STEEL  IN  THREE  HEAT-TREATED  CONDITIONS  AT  LOU-  AND  HIGH-ORDER  STRAIN  RATES 

Net  Change  (I)  In  Each  Parameter  Relative 
To  Arbient  Temp.  (23  C)  at  Strain  Rates 
and  R^*  (Sec*‘) 

Trve 

Fract. 

Stress 

Ult. 

Str, 

Yield 

Str. 

Tension 

Modulus 

R 

■ A. 

T emp . 1 nde> 

Cumulative 

Differential 

(.) 

Conparison  of 
Temp.  Effects  at 
High- and  Low-Order 
Strain  Rates 

Material  Rj 

Pa  ^ 

«a 

\ >»b 

Type  1 

5,9  15.6 

5.2  26.4 

11.6  5.4 

3.5 

15.9 

28.6 

39.4 

52.8  102.6 

1.94 

Type  2 

- 15.1 

4.3  5.2 

9.0  9.6 

0.9 

9.9 

- 

45.7 

* 85.5 

* 

Type  3 

13.4  14.1 

7.7  12.2 

0.6  4.8 

3.7 

6.3 

60.8 

53.8 

86.6  91.2 

1.06 

•Not  determined  due  to  insufficient  data 
*2.04  < Ra  1 9.19 

♦2.86  • 10^  * Rj,  ' S.32  IC^ 
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True  stress-true  strain  curves  as  a function  cf  strain  rate  were  plotted  in 
logarithmic  coordinates  for  each  material  tested  to  present  a better  view  of  the 
strain  hardening  phenomenon.  Since  the  relationships  thus  established  could  be 
analytically  expressed  in  the  form  of  c = Ke”,  the  strain  hardening  exponent  n 
is  directly  determined  from  the  slope  of  these  curves.  Changes  in  the  slopes  of 
the  curves,  occurring  at  various  strain  rates,  could  then  be  interpreted  in  terms 
of  the  development  of  hardening  or  softening  processes. 

Room  temperature  true  stress-true  strain  curves  at  various  strain  rates  for 
the  ‘1340  and  52100  steels  as  well  as  the  6A1-4V  and  6Al-6V-2Sn  titanium  alloys 
arc  shown  in  Figure  9.  The  4540  (Q5T)  steel  alloy  and  the  titanium  alloys  all 
exhibited  a decrease  in  strain  hardening  with  increased  strain  rate.  The  6A1-6V- 
2Sn  and  6A1-4V  titanium  alloys  showed  a significant  general  increase  in  flow 
stress  but  no  apparent  change  in  fracture  behavior.  For  the  52100  steels,  in 
both  the  grain  boundary  embrittled  low  tenpor  and  normalized  conditions,  there 
was  no  change  in  strain  hardening  with  increasing  strain  rate;  however,  for  the 
grain  boundary  embrittled  high  temper  condition,  st,.‘ain  hardening  increased  with 
increasing  strain  rate. 

The  results  on  strain  hardening  for  the  6A1-4V  titanium  alloy  are  consistent 
with  a previous  investigation  by  Johnson  et  al.®  who  observed  a decrease  in  strain 
hardening  at  high  strain  rates  up  to  8000  sec”'.  These  investigators  did,  however, 
observe  an  increase  in  the  strain  hardening  slope  at  high  strain  rates  for  Type 
304  stainless  steel,  Armco  iron,  and  unalloyed  aluminum. 

The  true  stress-true  strain  characteristics  at  room  ten^erature  for  the  three 
types  of  IIF-I  steel  at  various  strain  rates  are  shown  in  Figure  10.  Types  2 and  3 
showed  a fairly  significant  increase  in  flow  stress  with  increasing  strain  rate 
but  with  no  apparent  change  in  fracture  behavior.  Strain  hardening  for  Type  1 
material  showed  a pronounced  decrease  with  increased  strain  rate,  whereas  with 
T>-pes  2 and  3 the  decrease  in  slope  was  insignificant. 

Figure  II  displays  the  true  stress-true  strain  curves  at  various  strain  rates 
of  HF-1  steel  for  the  test  temperature  of  -116  C.  The  strain  hardening  index  for 
the  three  steel  alloys  decreased  significantly  with  increasing  strain  rate,  the 
change  in  slope  becoming  increasingly  greater  when  progressing  from  the  conven- 
tional tempered  martensite  (T\-pe  Ij  through  the  tenqpered  martensite  with  grain 
boundary  network  (T>pe  2)  to  the  isothermally  transformed  coarse  pearlitic 
(Type  3)  microstructures.  The  accelerated  softening  mechanism  was  evidenced  from 
examination  of  the  net  percentage  changes  developed  in  the  slope  of  the  true 
stress-true  strain  curves,  i.c.,  22.2",  for  Type  1;  37.1%  with  Type  2;  and  43,4% 
by  Type  3. 

The  true  stress-true  strain  behavior  for  the  gamma-stabilized  8Mo-l/2Ti  ura- 
nium alloy  at  various  strain  rates  and  test  temperatures  is  presented  in  Figure  12. 
With  the  exception  of  subzero  temperature  of  -75  C,  where  an  increase  in  the 
strain  hardening  slope  occurred  with  increasing  strain  rate,  strain  hardening  in 
general  decreased  with  increasing  strain  rate  as  the  temperature  increased  from 
23  C to  260  C. 

8 JOHNSON.  P.  STUN,  B.  A.,  and  DAVIS.  R.  S.  \tcaairi  mrm  >>l  Ovnamh  Plastic  Flow  Properties  Under  Uniform  Stress. 

ASTM  STP  .?36,  l%3.  p. 
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Figure  12.  True  s(res$-true  strain  results  for  8Mo-'4Ti  uranium  alloy 

In  an  attempt  to  assess  the  strain  hardening  characteristics  of  the  various 
materials  tested,  the  strain  hardening  index  n was  first  graphically  obtained 
from  the  true  stress-true  strain  curves  plotted  in  Figures  9 to  )2.  Thus  the 
strain  hardening  indices  were  directly  determined  from  the  slopes  of  these  curves 
for  each  material  grouping  at  all  test  ten^eratures  and  the  results  are  presented 
in  Table  9. 

Similar  to  the  procedure  set  up  for  determining  the  strain  rate  sensitivity 
dependence  of  each  material,  since  the  only  temperature  common  to  all  materials 
was  ambient  or  room  temperature  (+23  C) , the  strain  hardening  behavior  at  ambient 
temperature  was  selected  as  the  criterion  for  comparable  evaluation.  Thereupon 
the  strain  hardening  index  for  each  material  was  quantified  at  three  levels  of 
strain  rate  performance,  representing  low-,  intennediate-,  and  high-order 
magnitudes  (Table  10)  from  which  the  net  changes  (%)  in  the  strain  hardening 
index  was  computed  over  the  maximum  span  of  strain  rate  data  available. 

As  a result  of  this  computation,  each  material  was  rated  in  descending  order 
of  strain  hardening  influence  as  shown  in  Table  11.  The  8Mo-l/2Ti  uranium  alloy 
was  the  most  sensitive  to  strain  hardening  behavior,  registering  a net  change  of 
-89.6V  the  negative  sign  indicating  that  the  strain  hardening  slope  decreased 
with  strain  rate,  thereby  signalling  the  development  of  a softening  process.  The 
same  phenomenon,  the  incioiency  of  a softening  process,  was  germane  to  all  the 
br.'ttle  and  tough  materia.s  evaluated  with  the  exception  of  the  S2100-2  (IQ5T) 
alloy  which  exhibited  an  increase  in  slope  with  strain  rate  indicating  the  devel- 
opment of  a strain  hardening  mechanisiri.  It  is  interesting  to  note  the  extreme 
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Table  9.  STRAIN  HAROENING  REACTIOH  OF  MATERIALS  AT  VARIOUS  TEST  TEMPERATi«ES 
FOR  EACH  MATERIAL  GROUPING  IN  OESCENOING  ORDER  OF  SLOPE  m.UES 


Material 

Strain  Rate 
(Sec->) 

Test  Teaip. 
(Deg  C) 

Strain 
Hardening 
Index  (n) 

U-8Mo-I/2Ti 

5.30  » 10^ 

+260 

-0,1095 

8.0  10*5 

+140 

♦0,1051 

5.5  » 10- ’ 

+26C 

,0992 

2.27  « 10- 

- 73 

,0802 

[ 

T.4 

- 73 

.0758 

r 

2.27  » 10^ 

+K9 

-0.0729 

e 

1.4  « 10*’ 

+ 23 

+0.0699 

1 

2.2 

+260 

.0670 

3.5 

+149 

.0510 

1; 

3.7 

+ 23 

.0378 

1 

1.5  , 10-2 

- 73 

.0262 

3.7  « 1Q2 

+ 23 

,0073 

t 

4340 

0.77  - lO-’’ 

AaR>ient 

+0.1110 

1 

1.1 

Ajnbient 

.1080 

1 

42 

AnV>ient 

.0802 

Ti-6A1 -6V-2Sn 

1.0  X 10*2 

AnV>ient 

+0.0568 

-• 

9.2  to  SO 

Aiabient 

.0481 

f 

f 

120  to  136 

Adbient 

.0452 

\ 

[ 

T1-6A1-4V 

4.0  >•  10*7 

AnRiient 

+0.0773 

\ 

27  to  50 

Ambient 

.0670 

1 

68  to  109 

Ambient 

.0553 

52100-1 

4.0  to  60.0 

Anbient 

+0.0349 

i 

52100-2 

60 

Ambient 

+0.0875 

2.4 

Ambient 

.0670 

[ 

4,0  « 10-5 

Ambient 

.0524 

t 

f 

52100-3 

4.0  » 10-’ 

Antlent 

+0,0568 

( 

2.4 

Ambient 

.0568 

[■ 

37 

Ambient 

.0568 

[ 

HF-1  (Type  1) 

3.0  X 10-7 

+ 23 

+0.1228 

1 

9.2 

-116 

.0904 

t 

49 

♦ 23 

.0729 

[ 

4.2  • 102 

-116 

.0699 

\ 

\ 

4,5  > 102 

+ 23 

.0553 

% 

HF-1  (Type  2) 

2.2 

-116 

+0.1554 

i 

[■ 

2,0  X 10-7 

+ 23 

.1184 

0.56 

+ 23 

.1095 

j 

5,3  - 10’ 

+ 21 

.1095 

5.2  X 10‘' 

-116 

.0978 

r 

HF-1  (Type  3) 

2.04 

-116 

+0.2156 

1 

2.0  « 10*7 

+ 23 

.1778 

[• 

4.6 

+ 23 

.1778 

i 

2.9  X 102 

+ 2? 

.1659 

1 

! 

3.40  X 102 

-116 

.1228 

23 


Table  10.  RELATIVE  STRAIN  HARDENING  BEHAVIOR  OF  VARIOUS 
BRITTLE  AND  TOUGH  HATERIALS  DETERMINED  FOR  THREE  LEVELS 
OF  STRAIN  RATE  AT  AMBIENT  TEMPERATURE  K23  C) 


r 


Strain 


Levels  of 

Strain  Rate 

Hardening 

Test 

Strain  Rate 

(Sec->) 

Index  (n) 

Material 

High 

2.9  X 10= 

0.1659 

HF-1  (Type  3) 

1.1  X 10‘’  to 

5.3  X 10^ 

.1095 

HF-1  IType  2) 

5.3  X 10^  sec'! 

4.5  X 102 

.0553 

HF-1  (Type  1) 

1.1  X 102 

.0553 

T1-6A1-4V 

1.4  X 102 

.0452 

Ti-6Al-6V~2Sn 

3.7  X 1Q2 

.0073 

U-8M0-1/2Ti 

Intermediate 

4.6 

0.1778 

HF-1  (Type  3) 

2.4  to  60  sec"! 

60 

.0875 

52100-2 

42 

.0802 

4340 

49 

.0729 

HF-1  (Type  1) 

9.2  to  60 

.0568 

T1-6Al-6V-2Sn 

2.4  to  37 

.0568 

52100-3 

27  to  50 

.0553 

T1-6A1-4V 

3.7 

.0378 

U-8Mo-l/2Ti 

4.0  to  60 

.0349 

52100-1 

Low 

2.0  X 10-3 

0.1778 

HF-1  (Type  3) 

2.0  X KT!  to 

3.0  X 10-3 

.1228 

HF-1  (Type  1) 

1.4  X 10'^  sec'! 

2.0  X 10*3 

.1184 

HF-1  (Type  2) 

0.77  X 10-2 

.1110 

4340 

4.0  X 10-3 

.0773 

Ti-6A1-4V 

1.4  X 10-2 

.0699 

U-8Mo-1/2Ti 

1.0  X 10-2 

.0568 

Ti-6Al-6V-2Sn 

4.0  X 10-3 

.0568 

52100-3 

4.0  X 10-3 

.0524 

52100-2 

range  in  the  strain  hardening  susceptibility  developed  by  the  52100  steels;  the 
alloy  in  the  grain  boundary  embrittled  high  ten^ier  condition  (IQ6T)  was  ranked 
second,  whereas  the  alloy  in  the  normalized  condition  (NormST),  which  remained 
I neutral  to  strain  hardening  effects,  was  ranked  last. 

1 In  view  of  the  fact  that  mechanical  tests  were  performed  with  the  U-8Mo-l/2Ti 

f alloy  at  various  temperatures,  ranging  from  subzero  to  elevated,  the  effects  of 

tenqjerature  on  the  strain  hardening  characteristics  of  the  material  could  be 
studied  in  detail.  The  strain  hardening  index  versus  strain  rate  as  a function 
of  temperature  was  initially  plotted  in  semi- logarithmic  coordinates  to  graphi- 
cally demonstrate  the  influence  of  temperature  on  the  strain  hardening  behavior. 

By  noting  the  slopes  of  the  curves  developed  in  Figure  13a  and  the  rate  of  change 
of  these  slopes  relative  to  ambient  temperature  (+23  C)  as  given  in  Table  12,  the 
results  could  then  be  interpreted  in  terms  of  the  influence  the  various  tempera- 
tures exerted  on  the  development  of  a hardening  or  softening  process. 

From  Figure  13a,  it  is  evident  that  at  +23  C the  strain  hardening  index  for 
the  uranium  alloy  behaved  linearly  throughout  the  entire  strain  rate  range,  whereas 
at  elevated  and  subzero  temperatures  the  data  suggested  that  a dual  sloped  curve 
would  more  accurately  define  the  strain  hardening  reaction  occurring  under  low- 
order  and  high-magnitude  strain  rate  conditions.  Since  the  transition  point  of 
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Table  n.  EVALUATION  OF  STRAIN  HARDENING  CHARACTERISTICS  OF  VARIOUS 
aaiTTLE  AND  TOUGH  MATERIALS  IK  DESCENDING  ORDER  Of  INFLUENCE 
DETERMINED  AT  AMBIFNT  TEMPERATURE  ('-23  C) 


Test  Material 

Strain  Hardening  Index  for 
Three  Levels  (L,I,H)*  of 
Strain  Rate 
rt;  n2 

Net  Change  in 
Strain  Hardening 
Index,  Percent’’ 
(X*-n,/nj)  « 100 

Influence 

Rating 

U-8Mo-l/2Ti 

0.0699 

0.0378 

0.0073 

-89.6 

A 

52100-2  (IQST) 

.0524 

.0875 

- 

+67.0 

B 

HF-1  (Type  1) 

.1228 

.0729 

.0553 

-55.0 

C 

Ti-6A1-4V 

.0773 

.0553 

.0553 

-28.4 

0 

4340  (Q&T) 

.1110 

.0802 

- 

-27.7 

E 

T1-6Al-6V-2Sn 

.0668 

.0568 

.0452 

-20.4 

F 

HF-1  (Type  2) 

.1184 

- 

.1095 

- 7.5 

G 

HF-1  (Type  3) 

.1778 

.1778 

.1659 

- 6.7 

H 

52100-3  (Norm&T) 

.0568 

.0568 

- 

0 

1 

52100-1  (IQiT) 

- 

.0349 

- 

- 

I 

•L  - Low  values  of  strain  rate  (2.0  « lO*^  to  1.4  » 10^  sec''). 

1 - Intemedlate  levels  of  strain  rate  (2.4  to  60  sec''). 

H - High  magnitudes  of  strain  rate  (1.1  « 10^  to  5.3  ■<  10^  sec“'). 

X - Strain  hardening  index,  nj  or  nj,  selected  to  yield  maximum  range 
of  extant  strain  rate  data. 

fNegative  numbers  are  indicative  of  softening  process  whereas 
positive  numbers  relate  the  strain  hardening  characteristic. 

TNot  rated  due  to  insufficient  comparable  data. 


these  discontinuous  curves  occurred  at  a strain  rate  of  approximately  4,0  sec“^, 
equal  consideration  was  given  to  the  influence  generated  above  and  below  this 
value. 


It  can  be  hypothesized  from  the  data,  as  presented  in  Table  12,  that  under 
the  influence  of  the  subzero  and  elevated  tenqperature  environment,  at  low-order 
strain  rate  conditions,  a strain  hardening  mechanism  predominated,  whereas  at 
high  magnitudes  of  strain  rate  the  development  of  a softening  process  prevailed. 

As  a result  of  the  elevated  and  subzero  temperature  input,  under  low-order  strain 
rate  conditions,  the  following  significant  changes  in  the  strain  hardening  charac- 
teristics of  the  uranium  alloy  relative  to  ambient  temperature  (+23  C)  was  noted: 
(1)  an  approximate  threefold  increase  in  strain  hardening  was  incurred  at  the  sub- 
zero temperature  of  -73  C;  (2)  a substantial  decrease  in  strain  hardening  of  the 
order  of  50%  was  realized  at  the  elevated  temperature  of  +149  C;  and  (5)  a rela- 
tively insignificant  change  (7.6%)  occurred  at  +260  C.  At  high-magnitude  strain 
rates,  irrespective  of  the  fact  that  the  maximum  sensitivity  levels  encountered 
were  significantly  greater  than  that  achieved  at  low-order  strain  rates,  the 
susceptibility  of  the  strain  hardening  behavior  to  temperature  variations  was 
quite  comparable  at  both  elevated  temperatures;  in  contrast,  at  the  subzero  tem- 
perature of  -73  C,  the  influence  of  temperature  was  much  less  severe  (by  a factor 
of  approximately  1/3)  than  that  determined  at  low-order  strain  rates. 
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TaMe  12.  [FFtCT  OF  TEMPERATURE  ON  STRAIN  HARDEIilW  BEHAVIOR 
OF  GAFtM-STABILlZED  U-aHo-1/2Ti 


R«te  of  Change  of  Strain 

Strain  Hiritenlng  Change  In  Strain  Hard-  Hardening  Index  S1ope>  Per- 
tndex  Slope  m,  at  ening  Index  Slope  cent,**  Relative  to  Ambient 
Test  Strain  Pate,  R,  at  Strain  Temp.  (23  C)  at  Strain  Rate, 

Tenp.  (Sec'M  Rate.  »,  (Sec"')  R,  (Sec**)  (^ag)  « 100 

(Deg  C)  R,*  R^*  R^.  R^^  R^a 


+ 23  (Tj) 

•0.1346 

-0.1346 

- 

- 

- 

- 

- 73  (Ti) 

+0.2705 

+0.0306 

+0.4051 

♦0.1652 

-301 

-123 

+149  (Tj) 

-0.2035 

-0.6787 

-0.0689 

-0.5441 

+ 51 

♦404 

♦260  (T,) 

-0.1243 

-0.7468 

♦0.0103 

-0.6122 

-7.6 

♦455 

•nVi  = corresponding  slope  at  temperature.  Tj.  Tj.  T3 
m-  « slope  at  temperature.  T,  = -0.1346 
-5.5  - 10"'  <.  Ra  £.  3.7 
*3.7  » Rb  i 5.2  » 10^ 

••Negative  percerit  values  indicate  the  requirel  ci  jnce  ii  polarity  of  the 
reference  slope  at  23  C (Tg) 


Since  the  uniaxial  tension  tests  performed  with  the  HF-1  steel  in  the  three 
heat-treated  conditions  were  conducted  at  +23  C as  well  as  -116  C over  the  same 
strain  rate  spectrum,  the  influence  of  the  subzero  temperature  on  the  strain 
hardening  phenomenon  of  this  alloy  relative  to  ambient  ten^rature  (+23  C)  could 
be  thoroughly  analyzed.  By  plotting,  on  semi-logarithmic  axes,  the  strain  harden- 
ing index  against  strain  rate  as  a function  of  temperature,  it  was  apparent  from 
Figure  13b  that  the  relationship  between  the  strain  hardening  characteristic  and 
strain  rate  was  essentially  linear  for  all  three  types  of  HF-1  at  both  subzero 
(-116  C)  and  ambient  (+23  C)  tenyeratures.  Moreover,  Figure  13b  illustrates 
graphically  the  negligible  temperature  effects  on  the  strain  hardening  behavior 
of  Type  1 material  as  well  as  the  dramatic  sensitivity  exhibited  by  Types  2 and  3 
to  the  temperature  influence.  Figure  13b  also  exposes  the  development  of  a soft- 
ening process  for  all  three  types  of  HF-1  steel  when  the  temperature  was  held 
constant  at  either  +23  C or  -116  C;  however,  the  severity  of  the  resulting  process 
reacted  anomalously  for  each  type  with  temperature,  i.e,,  at  +23  C,  the  HF-1  steel 
in  the  three  heat-treated  conditions  was  ranked  in  the  following  descending  order 
of  sensitivity:  Types  1,  2,  and  3,  whereas  at  -116  C the  ranking  order  was  re- 

versed. On  the  other  hand,  the  degree  of  severity  for  the  relative  ranking  posi- 
tions was  on  the  average  approximately  11  times  as  great  at  -116  C than  at  +23  C. 

Referring  to  Figure  13b,  since  the  slopes  of  the  strain  hardening  index 
curves  obtained  at  test  temperatures  of  +23  C and  -116  C were  essentially  parallel 
for  the  HF-1  steel  alloy  having  the  tempered  martensite  microstructure  with  grain 
boundary  network  (Type  1),  it  can  be  postulated  that  the  temperature  influence  on 
the  strain  hardening  characteristic  of  this  alloy  could  well  be  ignored.  The  rate 
of  change  of  the  strain  hardening  index  slope  for  Type  1,  referenced  in  Table  13, 
was  indeed  small  enough  {3,6%}  to  be  virtually  discounted  as  a contributing  factor. 
TTie  llF-1  alloy  in  the  isothermal ly  transformed  to  coarse  pearlitic  microstructure 
(Type  3)  was  extremely  sensitive  to  the  subzero  (-116  C}  temperature  influence, 
wherein  the  strain  hardening  characteristic  decreased  by  a phenomenal  factor  of 
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Table  13.  EFFECT  OF  SUBZERO  TEMPERATURE  (-116  C)  0«  STRAIN  HARDENING 
BEHAVIOR  OF  HF-1  STEEL  IN  THREE  HEAT-TREATED  CONDITIONS 


Strain  Hardening  Index  Rate  of  Change  of  Strain 

Slope  m,  at  Tetnp.,  T Change  in  Strain  Hardening  Index  Slope  ( ) 


Material 

23  C 
n- 

-116  C 

mi 

Hardening  Index 
Slope, 

Relative 
(23  C) 

to  Anfjient 
, ( -m/n  ) « 

Tonp. 

100 

Type  1 

-0.1228 

-0.1272 

-0.0044 

3.6 

Type  2 

-0.0160 

-0.238S 

-0,2225 

1391. 

Type  3 

-0.0087 

-0.4176 

-0.4089 

4700. 

'Slopes  determined  in 
2.0  • 10-5  to  5.3  - 

the  strain 
10--  sec"‘ 

rate  range  covering 

47.  Type  2,  the  slloy  having  the  conventional  teB5>ered  martensitic  microstructure^ 
was  hi^ly  susceptible  to  low  ten^rature  effects  yielding  a substantial  strain 
hardening  attenuation  factor  of  approximately  14,  irrespective  of  the  fact  that 
it  was  5.4  times  less  sensitive  than  Type  3. 


CONCLUSIONS 

The  influence  of  strain  rate  on  the  mechanical  properties  of  brittle  and 
tough  materials  tested  at  room  temperature  covering  the  strain  rate  spectrum  from 
10“^  to  5.3  X 10‘  sec"^  is  summarized  as  follows: 

1.  The  gamma-stabilized  8Mo-l/2Ti  uranium  alloy  was  most  sensitive  to  strain 
rate  effects,  being  almost  twice  as  susceptible  as  the  next  ranking  material, 
namely,  the  HF-1  steel  alloy  having  a tenpered  martensitic  microstructure  with 
grain  boundary  network  (Type  1).  In  contrast,  the  52100  steels,  for  both  the  em- 
brittled and  normalized  conditions,  were  least  affected  by  strain  rate  variations. 

2.  Both  the  yield  and  tensile  strengths  increased  with  increasing  Svrain 
rates  for  the  4340  (QfiT)  steel;  the  HF-1  steel,  in  the  three  heat-treated  condi- 
tions; the  two  titanium  alloys  (6Al-6V-2Sn  and  6A1-4V);  and  the  'iranium  alloy 
(8Mo-l/2Ti).  The  yield  strength  of  the  S2100  steel  in  the  high-temper  grain  bound- 
ary embrittled  (1Q6T)  condition  decreased  moderately  with  strain  rate,  whereas  in 
the  normalized  (NormST)  condition  the  reverse  was  true,  i.e.,  a moderate  increase 
was  noted  as  the  strain  rate  incre;ised.  The  tensile  strength  of  this  52100  alloy, 
in  both  the  embrittled  and  normalized  conditions,  exhibited  a relatively  constant 
value  over  the  strain  rates  investigated. 

3.  True  fracture  stress  increased  markedly  with  increasing  strain  rate  for 
"he  two  titanium  alloys,  the  uranium  alloy,  and  Types  2 and  3 of  the  HF-1  steel. 

'fhe  remaining  steel  alloys:  HF-1  (Type  1),  52100,  in  both  the  en^rittled  and  nor- 
malized conditions,  and  the  4340  (Q^T)  maintained  a fairly  constant  strength  level 
over  the  strain  rates  examined. 

4.  The  modulus  of  elasticity  in  tension  increased  significantly  with  strain 
rate  for  the  U-8Mo-l/2Ti  alloy,  the  4340  (Q6T)  alloy,  and  the  HF-l  steel  in  the 
three  heat-treated  conditions.  The  modulus  value  behaved  linearly  for  all  three 
types  of  HF-1  steel  with  the  rate  of  increase  being  approximately  equivalent  for 
all  conditions.  However,  for  the  4540  steel  and  the  gamma-stabilized  uranium 
alloys,  the  increase  in  the  tension  modulus  was  moderate  from  quasi-static  to 
approximately  1.0  to  3.0  see"*  with  a marked  increase  occurring  at  strain  rates 
above  this  transition  range.  The  52100  steel,  in  the  grain  boundary  high  temper 
embrittled  (IQ5T)  and  normalized  (Norm^T)  conditions,  was  relatively  insensitive 
to  strain  rate  as  evidenced  by  the  fact  that  the  modulus  response  was  essMtially 
flat  with  respect  to  strain  rate.  In  the  case  of  the  titanium  alloys  there  was  a 
contradiction  of  results;  for  the  6Al-6V-2Sn  alloy  the  modulus  increased  moderately 
with  increasing  strain  rate,  whereas  the  6A1-4V  alloy  exhibited  a decrease  in  this 
characteristic  with  strain  rate. 
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S.  ITie  ductility,  as  measured  by  the  reduction  of  area,  varied  essentially 
monotonica I ly  with  strain  rate  for  all  the  alloys  tested  except  U-8Mo-l/2Ti.  A 
marked  loss  in  ductility  was  noted  for  this  uranium  alloy  when  the  strain  rate 
increased  from  approximately  lO-  to  5 < lO"  sec"^. 

fa.  Ihe  U-8Mo-l/2Ti  alloy  was  the  material  most  sensitive  to  strain  harden- 
ing behavior,  wherein  a significant  decr-’ase  in  the  strain  hardening  index  occurred 
with  increasing  strain  rate  thereby  signalling  the  development  of  a softening 
process.  iTiis  phenomenon  was  peculiar  to  all  the  materials  evaluated  with  the 
exception  of  the  52100-2  (1Q?1T)  alloy  which  exhibited  an  increase  in  the  strain 
hardening  slope  with  strain  rate  thereby  indicating  the  development  of  a strain 
hardening  mechanism.  Least  influenced  was  the  52100  steel  in  the  normalized 
condition  which  remained  neutral  to  strain  hardening  effects  displaying  no  change 
in  the  strain  hardening  index  with  strain  rate.  The  titanium  alloys  and  the  two 
HF-1  steel  alloys  (Tj'pes  2 and  3)  showed  a significant  increase  in  flow  stress 
but  no  appaic-nt  change  in  fracture  behavior. 

The  following  summari rations  are  made  on  the  effect  of  strain  rate  on  mechan- 
ical properties  of  selected  alloys  at  various  test  tenmeratures  within  the  limits 
of  the  strain  rates  studied  for  10“^  to  5,3  x lo^  sec“‘: 

1,  For  the  lIF-l  steel,  in  the  three  heat-treated  conditions  at  the  test  tem- 
perature of  -116  C (-175  F): 

a.  Yield  strengths  were  ser.sitive  to  strain  ratej  the  strength  levels 
for  all  three  conditions  increased  moderately  with  increasing  strain  rate.  For 
Types  1 and  3,  these  values  paralleled  and  were  slightly  higher  than  those  ob- 
served at  room  temperature;  for  T>-pe  2 the  levels  obtained  were  significantly 
greater  than  room  temperature  results  particularly  at  high-order  strain  rates. 

b.  The  tensile  strength  and  true  fracture  stress  wore  unaffected  by 
strain  rate.  The  values  at  the  subzero  temperature  remained  constant  over  the 
strain  rates  examined  and  were  infer  or  to  room  temperature  results  at  relatively 
high-order  strain  rates,  tne  degradation  in  performance  becoming  progressively 
greater  as  the  strain  rats  exceeded  approximately  30  sec~^  in  the  case  of  the 
true  fracture  stress  and  10^  see"*  for  the  tensile  strength. 

c.  The  modulus  of  elasticity  in  tension  was  quite  sensitive  to  strain 
rate,  particularly  for  the  high  strength-high  ductility  conditions  (Types  1 and  2) 
which  increased  markedly  with  increasing  strain  rates.  The  tension  modulus  deter- 
mined for  the  high  strength-liigh  ductility  tempered  martensite  steel  (Type  1)  was 
much  higher  than  the  corresponding  values  obtained  at  room  temperature,  particu- 
larly at  the  high  strain  rates,  in  contrast  to  the  results  with  the  low  strength- 
low  ductility  coarse  pcarlitic  specimens  (Type  3)  wherein  the  modulus  was  sharply 
attenuated  throughout  the  rate  range  investigated, 

d.  Based  on  the  limited  data  available,  ductility  was  hardly  affected 
by  strain  rate  except  for  the  incompletely  austenitized  condition  (Type  1}  which 
exhibited  a pronounced  decrease  in  ductility  with  increasing  strain  rate.  In 
comparison  with  the  room  temperature  data,  a severe  loss  in  ductility  was  noted 
in  all  cases. 
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e.  In  general,  the  strain  rate  sensitivity  decreased  as  the  tei^erature 
decreased  from  *23  C to  -116  C with  Type  5 being  least  affected  by  strain  rate 
variations. 


f.  At  low-order  strain  rates,  the  temperature  influence  on  the  mechani- 
cal property  results  of  Type  3 material  was  approximately  64%  greater  than  that 
of  Type  1.  The  temperature  interaction  resulting  at  high-order  strain  rate 
conditions,  even  thou^  the  levels  of  susceptibility  were  higher  than  those 
attained  at  low-order  strain  rates,  was  quite  conparable  for  all  three  types. 

At  high-order  strain  rate  conditions  the  three  t3fpes  of  HF-1  steel  were  ranked 
in  the  following  descending  order  of  susceptibility  to  the  subzero  teaperature 
change:  Types  1,  3,  and  2,  For  the  alloy  having  the  tempered  martensitic  micro- 

structure with  grain  boundary  network  (Type  1)  the  temperature  effects  at  high- 
order  strain  rates  were  approximately  twice  (1.94)  that  occurring  at  low-order 
strain  rates.  However,  temperature  effects  on  the  alloy  in  the  isothermal ly 
transformed  to  coarse  pearlit*.-  microstructure  (Type  3)  were  relatively  indepen- 
dent of  strain  rate  idierein  a negligible  difference  of  only  5%  was  realized. 

g.  The  incipiency  of  a softening  process  was  revealed  for  all  three 
types  of  this  material.  The  strain  hardening  characteristic  n for  each  type 
decreased  significantly  with  increasing  strain  rate;  as  a consequence  of  the  dif- 
ferences encountered  in  the  rates  of  change  in  the  strain  hardening  characteris- 
tics, Types  3,  2,  and  1 were  ranked  in  descending  order  of  sensitivity  with  respect 
to  strain  hardening  behavior. 

h.  Analysis  of  the  influence  of  the  subzero  temperature  on  the  strain 
hardening  phenomenon  exposed  the  negligible  temperature  effects  an  Type  1 in  con- 
trast to  the  dramatic  sensitivity  exhibited  by  Types  2 and  3.  Type  3 was  extremely 
sensitive  to  the  subzero  environment  wherein  the  strain  hardening  characteristic 
decreased  by  a factor  of  47  relative  to  room  temperature  results. 

2.  With  respect  to  the  performance  of  the  8Mo-l/2Ti  uranium  alloy  at  test 
temperatures  from  -73  C to  260  C: 

a.  Yield  strength,  tensile  strength,  and  true  fracture  stress  were  quite 
sensitive  to  strain  rate;  all  strength  values,  independent  of  teaperature,  varied 
with  increasing  strain  rate  in  a consistent  manner.  Within  the  temperature  and 
strain  rate  spectrum  investigated,  all  strength  levels,  at  constant  strain  rates, 
increased  continuously  with  decreasing  temperature. 

b.  Overall,  the  tension  modulus  was-  significantly  influenced  by  strain 
rate  variations.  The  modulus  of  elasticity,  independent  of  temperature,  increased 
with  increasing  strain  rate.  At  low-order  strain  rates,  from  quasi-static  to 
approximately  3.0  sec"^,  the  modulus  increased  moderately  at  all  test  tenperatures , 
the  rate  of  increase  being  relatively  proportional;  for  the  higher  strain  rates  up 
to  530  sec“*  the  modulus  increased  markedly  at  tenperatures  from  -73  C to  149  C, 
whereas  at  260  C it  was  essentially  neutral.  At  strain  rates  above  3.0  sec"\ 

the  rate  of  increase  of  the  modulus  became  more  pronounced  as  the  temperature  de- 
creased from  260  C to  -73  C. 
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e.  Ductility  was  critically  dependent  on  strain  rate  as  well  as  tei^ra- 
ture.  At  each  tenperature  level,  with  the  exception  of  260  C where  an  increiaental 
increase  was  noted,  the  loss  in  ductility  was  Jaore  pronounced  at  high  orders 
of  strain  rate.  The  degradation  in  ductility  from  the  temperature  variation  con- 
tribution exceeded  that  caused  by  the  strain  rate  effects  alone,  under  maximized 
conditions,  by  a factor  of  approximately  3:1. 

d.  The  effect  of  temperature  on  the  strain  rate  sensitivity  of  this 
gamma-stabilized  alloy  decreased  as  the  test  temperature  decreased  with  a negli- 
gible change  (5.7%)  occurring  froa  '■149  C to  ♦23  C.  As  the  temperature  increased 
fr<Mn  +23  C to  +260  C,  the  strain  rate  influence  increased  by  approximately  80%, 
whereas  from  +23  C to  -73  C there  was  a decrement  of  approximately  50%  in  the 
sensitivity  indicator. 

e.  The  extent  of  temperature  effects,  at  constant  strain  rate,  on  the 
mechanical  property  results  indicated  that  the  temperature  influence,  under  quasi- 
static strain  rates,  remained  fairly  constant  as  the  ten^rature  either  increased 
from  +23  C to  +149  C or  decreased  to  -73  C but  a moderate  change  (38%)  was  real- 
ized when  the  temperature  increased  to  +260  C.  In  cooparison  with  the  low-order 
strain  rate  results,  the  temperature  effects,  under  dynamic  loading  rates,  were 
much  more  pronounced  at  elevated  test  conditions,  whereas  a relatively  modest 
change  occurred  at  the  subzero  tenperature. 

f.  As  a result  of  the  elevated  and  subzero  teiiperature  input,  under  low- 
order  strain  rate  conditions,  a strain  hardening  mechanism  predominated,  whereas 

at  high  magnitudes  of  strain  rate  the  development  of  a softening  process  prevailed. 
At  low-order  strain  rates,  the  following  conclusions  can  be  drawn  pertaining  to 
the  influence  of  elevated  and  subzero  temperature  changes  on  strain  hardening 
behavior:  (1)  an  proximate  threefold  increase  in  strain  hardening  was  incurred 

at  the  subzero  temperature  of  -73  C;  (2)  a substantial  51%  decrease  in  strain 
hardening  was  realized  at  the  elevated  tenperature  of  +149  C;  and  (3)  a relatively 
insignificant  change  (7.6%)  occurred  at  +260  C.  At  high-magnitude  strain  rates, 
strain  hardening  was  drastically  reduced  by  a factor  of  the  order  of  4,0  to  4.6 
at  both  elevated  teeperatures ; in  contrast,  at  the  subzero  temperature  there  was 
an  approximate  125%  increase  ii»  the  strain  hardening  characteristic. 
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APPENDIX  A.  TABULATION  OF  TEST  DATA  AND  TRUE  STRESS-TRUE  STRAIN  RESULTS 


Table  i-1.  iXPtRINlMTW.  TEST  DATA  AT  ROOM  TEMPERATURE 


Test 

Triie 
^ tdCt. 
Stress 

lilt. 

5tr. 

Yield 

Str. 

Strai 1 
Rate 

Te^ision 

Modulus 

R.A. 

Material 

Spec. 

(ksi) 

(ksi ! 

(ksi) 

(sec*-: 

in  (psi) 

{ ) 

4340  Steel 

(OIT) 

1 

255 

156 

138 

0.0079 

30.8 

59.5 

2 

225 

148 

130 

0.0070 

31.2 

59.1 

3 

267 

155 

135 

0.0081 

30.8 

60.3 

4 

- 

160 

141 

1.13 

32.9 

62.8 

5 

247 

163 

141 

0,85 

32.2 

61.2 

6 

242 

158 

145 

1.18 

33.0 

60.3 

7 

234 

161 

149 

36. 

36.1 

61.2 

<1 

248 

173 

158 

52. 

38.6 

60.3 

9 

248 

- 

159 

36. 

37.6 

60.3 

52100  Steel' 

-1  (lOST) 

1 

190 

178 

- 

4, 

- 

14.0 

2 

191 

164 

- 

60. 

- 

17.9 

-2  (iQiT) 

1 

224 

- 

186 

1 .7 

31.0 

24.6 

7 

220 

179 

179 

0.004 

30.9 

23.5 

3 

- 

186 

123 

3.1 

30.8 

- 

4 

227 

182 

146 

55. 

30.4 

21.2 

s 

204 

164 

- 

68. 

- 

20.1 

-3  (Nomi&T) 

1 

2oe 

185 

146 

0.004 

30.8 

14.0 

2 

207 

189 

97 

1.9 

- 

14.0 

3 

203 

190 

103 

2.8 

• 

16.0 

4 

• 

- 

- 

- 

- 

s 

206 

176 

- 

41. 

. 

16.0 

6 

213 

186 

153 

33. 

30.7 

17.9 

T1-6AI-4V 

s 

218 

168 

158 

0.004 

20.4 

48.5 

2 

2P0 

167 

158 

.017 

20.4 

45,7 

7 

205 

168 

164 

3.4 

19.5 

44.1 

4 

220 

174 

167 

3.8 

20.6 

44.6 

12 

218 

172 

164 

10. 

19.8 

51.5 

6 

234 

183 

171 

27. 

19.1 

46.9 

3 

229 

184 

169 

50, 

19.1 

45.8 

9 

256 

216 

- 

88. 

- 

48.0 

10 

252 

205 

- 

68. 

• 

50.9 

It 

271 

212 

- 

109, 

- 

50.9 

Ti-6Al-6V-2Sn 

le 

218 

_ 

174 

0.010 

18.7 

21.2 

17 

212 

- 

174 

,014 

19.4 

19.0 

24 

244 

207 

189 

,016 

19.8 

25.8 

14 

233 

>86 

- 

2.1 

- 

31.3 

13 

244 

ISO 

. 

21. 

- 

26.8 

22 

238 

212 

204 

9.2 

21.3 

30.2 

I<i 

264 

261 

211 

136. 

20,3 

31.2 

20 

249 

235 

207 

60. 

20.7 

36.8 

21 

280 

233 

- 

120. 

• 

33.5 
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Table  A-4.  TRIJl  STRtSS-TRUt  STHAIK  RLSUlTS  tAK.LN 


/ART  1 fir.  tcSTlfir.  .'LmkAT  j.’iES 


d.  i'F-1  Steel 
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Type  2 
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